. Ret is alternatively spliced to produce predominantly two isoforms, a short form containing nine unique c-terminal amino acids (Ret9) and a longer isoform containing a different set of 51 
To this end, whether trophic factor-dependent activation of RTKs promotes the phosphorylation or activation of heterologous RTKs in neurons is unknown. Here, we report that TrkA activation by NGF promoted Ret phosphorylation in a GFLindependent manner in mature, sympathetic neurons, but not in trophic factor-dependent immature sympathetic neurons. This NGF-dependent Ret phosphorylation was not required for the transition to trophic factor independence but, rather, contributed to the growth, metabolism, and gene expression of mature sympathetic neurons. Therefore, neurotrophic factor receptors can be recruited by heterologous receptors to function in the maturation of neurons revealing a novel mechanism by which RTKs may be utilized in the nervous system.
Results

Ret Phosphorylation Increases Markedly with Postnatal Age in SCG and DRG
To determine whether Ret functions in the postnatal development of peripheral neurons, Ret phosphorylation was examined in the superior cervical ganglion (SCG), nodose ganglion (NG), or L3-L5 dorsal root ganglion (DRG) in vivo. These ganglia were rapidly dissected phorylated, and presumably activated, Ret increased dramatically with postnatal age in vivo, suggesting that Ret is involved in the postnatal development of these neurons.
Ret Is Phosphorylated in an Age-Dependent Manner in Sympathetic Neurons In Vitro
Sympathetic neurons maintained in vitro in the presence of NGF undergo many of the same maturational changes that are seen in vivo. To determine whether sympathetic neurons maintained in culture also display age-dependent phosphorylation of Ret, SCG neurons were maintained for 5, 13, or 21 days in vitro (DIV) in the presence of NGF. They were then detergent extracted and Ret phosphorylation was monitored by Ret immunoprecipitation, followed by phosphotyrosine immunoblotting. When only Ret9 was immunoprecipitated with antibodies specific to Ret9, we found that the amount of Ret9 increased with postnatal age, but the level of Ret9 phosphorylation did not change substantially ( Figure 1C ). In contrast, Ret51 phosphorylation increased markedly with age in culture ( Figure 1C ) while the total amount of Ret51 did not change as substantially, similar to what was observed in vivo. Thus, the tyrosine phosphorylation of Ret51, but not Ret9, is regulated with age in culture.
Age-Dependent Ret Phosphorylation Is Independent of GFLs
Ret9 and Ret51 share identical extracellular domains and, in sympathetic neurons, were stimulated equally well by GFLs such as NRTN or GDNF (data not shown). The observation that only Ret51 was phosphorylated in an age-dependent manner suggests that Ret is phosphorylated by a mechanism that is independent of the extracellular domain and, therefore, independent of GFLs. To test this possibility, the following three types of experiments were performed. First, if sympathetic neurons produce GFLs in an autocrine fashion, then conditioned medium from 21-DIV neurons should stimulate Ret phosphorylation of naïve 5-DIV rat sympathetic neurons that are responsive to GFLs but do not display age-dependent Ret phosphorylation. Medium that was conditioned by 5-DIV, 12-DIV, or 21-to 25-DIV sympa- rons were responsive to GFLs. Therefore, no detectable As a positive control, 5-DIV sympathetic neurons were treated with GDNF (50 ng/ml) for 1 hr (right). Ret51 phosphorylation was exam-GFL or GFL-like activity was secreted by mature sympa- Figure  3B ). Conversely, selective activation of p75 in sympadylinositol-specific phospholipase-C (PI-PLC) for 2 days and then determined the level of Ret phosphorylation. thetic neurons with BDNF (100 ng/ml) did not promote Ret phosphorylation, suggesting p75 is not required for When 21-DIV neurons treated with PI-PLC were then treated with GDNF, no GFL-dependent Ret activation NGF-dependent Ret activation ( Figure 3B ). To determine how rapidly Ret is dephosphorylated after NGF withwas detected, and the level of Ret activation remained at the age-dependent level ( Figure 2C ). GDNF treatment drawal, Ret phosphorylation was monitored in 21-DIV neurons starved of NGF. Ret phosphorylation after NGF of sympathetic neurons maintained in medium not containing PI-PLC, on the other hand, promoted robust Ret starvation decayed slowly and after 48 hr of NGF deprivation, only a low level of Ret phosphorylation was still phosphorylation ( Figure 2C ). In contrast, age-dependent Ret phosphorylation was unaltered by the presence detectable ( Figure 3C ). In contrast, TrkA phosphorylation decayed more rapidly than Ret, declining to a low of saturating amounts of PI-PLC demonstrating that GFR␣ coreceptors, and thus, GFLs themselves, are not level after 24 hr of NGF starvation ( Figure 3C ). Therefore, NGF activation of TrkA promotes age-dependent Ret required for age-dependent Ret phosphorylation (Figure 2C) . phosphorylation in mature sympathetic neurons with much slower kinetics than GFL-dependent Ret phosIn summary, four different experiments suggest that age-dependent Ret phosphorylation did not involve phorylation.
To determine whether age-dependent Ret phosphoryGFLs. First, Ret51, but not Ret9, was phosphorylated in an age-dependent manner even though they share lation observed in vivo is also regulated by NGF, P21 rats were injected with either nonimmune serum or NGF identical extracellular domains. Second, conditioned medium from 21-DIV neurons did not contain secreted antiserum to block endogenous NGF in vivo. After two injections of antiserum or nonimmune serum over 4 factors capable of stimulating Ret phosphorylation. Third, age-dependent Ret phosphorylation was not redays, the SCG were removed and the levels of Ret and TrkA phosphorylation determined. After Supernatants from the immunoprecipitations were subjected to P-TrkA immunoblotting (third panel) or ␣-tubulin immunoblotting (bottom) to confirm that the NGF treatments were effective and that equal protein was loaded, respectively. (B) Sympathetic neurons (21-DIV) maintained in NGF were starved of NGF (maintained in medium containing 1-2 ng/ml NGF) for 2 days. The neurons were then stimulated with medium containing no addition, NGF (50 ng/ml), NGF and K252a (100 nM), or BDNF (100 ng/ml) for 24 hr or 48 hr. The neurons were detergent extracted, and Ret phosphorylation was examined by P-Tyr immunoprecipitation followed by Ret immunoblotting (top panel). To confirm that equal amounts of Ret were analyzed, a fraction of each extract was used for Ret Western analysis prior to P-Tyr immunoprecipitation (bottom panel). (C) Sympathetic neurons maintained in NGF for 21-DIV were starved of NGF as in (A) for 24 to 48 hr. The cells were then subjected to phospho-Ret analysis as in (B). The supernatants from the immunoprecipitation were P-TrkA immunoblotted to determine how rapidly TrkA dephosphorylated after NGF starvation (bottom panel). (D) P21 rats were injected twice with either normal goat serum (left) or goat NGF antiserum (right) at 2 day intervals. The SCG (top three panels) or DRG (bottom two panels) were harvested and detergent extracts produced. The extracts were subjected to phospho-Ret analysis as above (first and fourth panels). Equal protein amounts were confirmed by Ret Western analysis of the extracts prior to immunoprecipitation (second and fifth panels). The efficacy of the NGF antiserum was confirmed by performing P-TrkA Western analysis of the immunoprecipitation supernatants (third panel). The experiments presented in (A)-(D) were performed two to four times with similar results; phospho-Ret analysis in these experiments with Ret immunoprecipitation followed by P-Tyr immunoblotting yielded identical results. expression, these pathways most likely do not contribute directly to NGF-dependent Ret phosphorylation.
Whether other growth factors can influence Ret phosphorylation similar to NGF was explored; NGF treatment was compared to IGF-1 (100 ng/ml), CNTF (50 ng/ml), and EGF (100 ng/ml) treatment for 2 days. None of these factors stimulated Ret phosphorylation ( Figure 4B) , and similar experiments with HGF and LIF indicated that they also did not regulate Ret phosphorylation (data not shown). To determine whether the cross-talk between TrkA and Ret was bidirectional, mature sympathetic neurons were stimulated with GDNF for 2 days and TrkA phosphorylation was monitored. Although GDNF promoted a sustained phosphorylation of Ret, no TrkA phosphorylation was observed even though TrkA was able to be stimulated with NGF ( Figure 4B ). Therefore, NGF activation of TrkA appears unique in its ability to promote Ret phosphorylation via a unidirectional mechanism.
GFL stimulation translocates Ret from lipid-disordered, Triton-X-100-soluble membrane regions to more highly lipid-ordered, Triton-insoluble lipid "raft" do- duced Ret phosphorylation considerably more slowly Therefore, Ret not only contributed to NGF-dependent than GFLs; NGF required 2 days to promote maximal growth and metabolic activity, but also was required Ret phosphorylation. Likewise, NGF-dependent Ret for the NGF-dependent expression of some proteins phosphorylation required 2 days to decrease completely involved in maintenance of the neuronal phenotype.
after NGF starvation. Ret was not phosphorylated by other growth factors in sympathetic neurons, and this signaling pathway was unidirectional since GDNF did Discussion not promote TrkA phosphorylation. Unlike GFL-dependent Ret activation, NGF-stimulated phospho-Ret was During postnatal development, sympathetic neurons lose their dependence upon trophic factors for survival, excluded from lipid raft microdomains. NGF-dependent Ret phosphorylation contributed significantly to the trogrow and project elaborate processes, and assume a tem by regulating neuronal survival, trophic status, axonal growth and guidance, and plasticity.
Protein Extraction from Whole Ganglia SCG, NG, and DRG were placed into Eppendorf tubes containing Experimental Procedures the same lysis buffer used for the immunoprecipitations described above. The ganglia were sonicated briefly with a microtip sonicator Sympathetic Neuron Cultures and Treatments SCG neurons from P0-P1 Sprague-Dawley rats (Harlan Bioproducts, and mixed on a rotator for 20 to 30 min at 4ЊC. After clearing the lysates of insoluble material by centrifugation, the cleared lysates Indianapolis, IN) or P0 mice (Milbrandt Transgenic Core, Washington University) were dissociated, seeded onto collagen-coated, 35 mm were subjected to immunoprecipitation as described above and Western analysis as described below. On average 4-8 SCG and plates or 2-well Permanox chamber slides (Nunc, Naperville, IL) and maintained in medium containing NGF (50 ng/ml; Harlan Bioprod-12-18 DRG from rats were lysed in 600-800 l of lysis buffer for the NGF antiserum injection experiments. For the developmental time ucts) as described previously (Easton et al., 1997). For ret Ϫ/Ϫ cultures of SCG neurons, two ganglia from each mouse were dissociated courses, roughly twice as many SCG, NG, and DRG were used for phospho-Ret analysis in perinatal animals as compared to P18-P24 and plated separately into chamber slides, and the genotypes of each mouse were determined by using PCR analysis of genomic rats.
